Reducing emergency department (ED) overcrowding in the hope of improving the ED's operational efficiency and healthcare delivery is an important objective for healthcare providers. This research analyzes resource allocation with the objective of reducing patient length-of-stay (LOS) and time to be seen by a physician or physician assistant (TBSPPA) while leveling resource utilization. Different levels of resources (physicians, physician assistants, and nurses) were changed in controlled experiments in order to analyze patients' LOS and TBSPPA, as well as resource utilization. The experiments were performed using a simulation model based on data from an ED at a local hospital. The simulation model accounts for patients with different severity levels as well as different rates for patient arrivals. Based on the severity, patients are treated by combinations of multiple resources, often with interspersed waiting time. Results indicate that the simulation model can be used as a tool to help decision makers in the ED with the allocation of resources. The experiments show an average reduction of 14% in the average patients' LOS, 16% in the average patients' TBSPPA, and leveled resource utilization between 70% and 80% when allowing a restructure of the ED resource capacities.
Introduction
The United States healthcare system is the subject of much polarizing debate. Ten years ago, the US healthcare system was declared broken, and it has not improved. 1 At one extreme, the US healthcare system is criticized as being fragmented and inefficient, pointing to the fact that the USA spends more on healthcare than any other country in the world yet still suffers from massive problems. At the other extreme, it is argued that Americans have the best healthcare system in the world with access to freely available medical technology and state-of-the-art facilities. 2 The main requirements of healthcare systems are quality care and efficiency. Usually, more staff or equipment is added by hospital decision makers to improve efficiency because insufficient resources are thought to be the main cause of the problems. However, the added resources also increase costs. Furthermore, patients spend too much time waiting until being discharged, transferred, or even seen by a doctor for the first time, causing dissatisfaction among patients, staff members, and hospital managers.
Valdez et al. 3 believe that many engineering disciplines can contribute to the improvement of the healthcare delivery system. In particular, they emphasize industrial and systems engineering (ISE), which has a long history of improving the structure, processes, and outcomes of complex systems in many industries. However, the US healthcare industry has neglected engineering strategies and technologies that have revolutionized quality, productivity, and performance in many other industries. 4 In this manuscript, the operations of a medium size (i.e., taking care of around 1000 patients per week) emergency department (ED) experiencing inefficiencies, such as long patient waiting times and low resource utilization, were analyzed through a simulation model. Preliminary analyses of patient wait data from the ED showed that approximately 2% of the patients stayed 6 or more hours in the ED, and that 10% of the patients had to wait more than 2 hours to be seen by a physician or physician assistant, mainly due to overcrowding. Therefore, the main objective of the simulation model was to analyze the resource allocation in the ED to reduce patient length-ofstay (LOS) while leveling resource utilization. The results show that with better ED staff scheduling, an average reduction of 13% in the weighted average patients' LOS, an average reduction of 16% in the weighted average time to be seen by a physician or physician assistant (TBSPPA), and leveled staff utilization (between 70% and 80%) can be achieved.
Background
Healthcare delivery can be very expensive and is often subject to delays that can be costly as well as dangerous to a patient's health. The cost and delay problems might be addressed by devising better approaches for managing the availability of resources. 5 In particular, ED resources are a concern for managers mainly because of their cost and their impact on patient throughput and general system performance. Since analysis techniques, such as statistical methods, process analysis, or mathematical modeling, alone are not sufficient to separately solve and gain a clear understanding of the ED, a growing number of studies have used simulation to model the operations of EDs in many different ways over the past few decades. Several simulation studies have used resources such as physicians, physician assistants, and nurses as decision variables in order to optimize resource utilization.
Raunak et al. 5 performed a simulation study from a general resource point of view and stated that increasing resources in an unbalanced way can lead to underutilization of some resources and increased expense, but not in an improvement in service. In this study, effective approaches using discrete event simulation (DES) were developed for experimenting with resource mixes and utilization strategies.
Duguay and Chetouane 6 analyzed several scenarios by using a DES model in order to evaluate the impact of different levels of resources (nurses and physicians) on the waiting time of different types of patients. Their analysis included only patient codes 3-5, the Canadian triage code equivalent to the Emergency Severity Index (ESI) 3-5 in the USA. In addition, they only analyzed weekdays from 8am to 8pm.
Mould et al. 7 examined the impact on patient waiting time in an ED by introducing a new staff roster. The introduction of the new staff roster was prompted by a process mapping analysis in the main four areas of the ED: minor injuries, emergency department, emergency medical admissions, and emergency surgical admissions. A reduction of 16 minutes in patient waiting time was achieved on 87% of patients who were classified as having minor injuries.
Sinreiach et al. 8 stated that reducing overcrowding leads to an improvement in an ED's operational performance and proposed efficient work shift schedules in order to improve the utilization of current resource capacity aimed at reducing patients' waiting time and leveling resource utilization. They developed iterative heuristic algorithms for scheduling the work shifts of the ED resources. These algorithms were distinctive since they accounted for patients being treated by multiple resources, several times over the course of a number of hours, often with scattered waiting. In such situations, patient arrival time is not a good indicator of when the various resources are needed.
Kirac and Bedoya-Valencia 9 analyzed different work shift schedules for different resources (physicians, physician assistants, nurses) at a crowded ED considering that patients are treated by a set of resources at once and several times during their LOS. Their objective was to reduce patient LOS while leveling resource utilization by means of a DES model. Their experiments showed an average reduction of 13% in the weighted average patients' LOS when allowing a restructure of the ED resource capacities.
Ahmed and Alkhamis 10 proposed a methodology that uses system simulation combined with optimization to determine the optimal number of resources, such as doctors, lab technicians, and nurses, required to maximize patient throughput and to reduce patient time in the system, subject to budget restrictions. The results of the study showed that by using current hospital resources, the optimization-simulation model generates optimal staffing allocation that would allow a 28% increase in patient throughput and an average of 40% reduction in patients' waiting time.
Several studies used simulation combined with optimization in order to find optimal operational policies. For example, Otamendi 11 developed a multi criteria simulation-optimization approach in order to find an optimal weekly schedule at a ship building factory. His approach used an evolutionary algorithm that was able to account for several objectives, such as the makespan, the assembly line blockage, and the idleness of the resources.
Also, regarding scheduling of scarce resources by using a simulation-optimization approach, Nageshwaraniyer et al. 12 developed a simulation-based framework in order to optimally plan the utilization of the material handling system in one of the largest coal mines in the world. Their framework uses a DES model to represent the coal mining process and then uses OpQuest to find the optimal train loading plan and the optimal scheduling of the material handling system in order to maximize the revenue of the coal mine.
Finally, Laslo and Gurevich 13 presented a Monte Carlo simulation model used to optimize the budget allocation among project activities, knowing the relationship between the budget allocated to those activities and their random durations. Their model accounts for the possibility of investing additional budget for accomplishing the crashing completion time. Their stochastic procedures (i.e., including the impact of allocating additional budget on all completion time distribution parameters) were shown to be the best to address the situation when additional budget is used to crash the project completion time.
Next, the proposed framework is presented followed by the results and conclusions of this study.
Proposed framework 3.1 Process description and modeling parameters
The studied ED is located in a US metropolitan area with a population of approximately 150,000 people and it is one of only two fully equipped EDs available in the region.
The ED is open 24 hours and receives an average of 115 patients a day. The ED is equipped with 27 bed rooms, two of them fully equipped for CPR, two for inmates, and one for psychological patients, and shares some of its resources with a hospital (i.e., X-rays, clinical laboratories, and pharmacy). Figure 1 depicts the process steps followed at the ED to admit and treat patients. This process was developed after discussions with the ED manager and by observation of the real process. It is important to note that some of the resources depicted in Figure 1 , such as nurses, physicians, and physician assistants, are used mostly twice by patients, depending on their criticality. Patients are seen by a doctor for the first time after having been seen by a nurse. The doctor examines the patient and orders the necessary tests. Once the required tests have been taken and the results are ready, the patient is seen by the doctor for final diagnosis. Depending on the diagnosis, patients may be treated at the ED, discharged, or admitted to the hospital. Figure 2 depicts the five different patient arrival modes and their corresponding percentages. The historical patient data depicted in Figure 2 corresponds to fall and winter seasons. The arrival process for walk-in patients follows a non-homogenous Poisson process with rate l(t), where l(t) is the arrival rate of patients to the ED at time t. In this research, t is specified by the hour of the day and the day of the week. Ambulance arrivals follow a Weibull distribution with a shape parameter of 0.88 and a scale parameter of 107 minutes. Since the types of arrivals ''walk-in'' and ''ambulance'' account for almost 99% of the cases seen at the ED, the simulation model includes just these two types of arrivals. After analyzing the arrival process for walk-in patients, the arrival patterns by hour and day did not change at the week level; therefore, a week was chosen as the simulation length period.
After admission, each patient is assigned an ESI level at the triage station. The ESI is unique among triage tools since it includes both acuity and resource needs in the system of categorizing ED patients. 14 In this particular case, ED nurses use the ESI to rate patient acuity from level 1 (most urgent) to level 5 (least urgent). Figure 3 depicts the percentage of patients treated at the ED for each ESI level. Patients with ESI levels 3 and 4 represent 85% of the Depending on their ESI level, patients will consume different types of resources and will require different types of tests. Table 1 shows which resources and tests are required for each ESI level. The percentages in the column corresponding to the CT-Scan test indicate the typical proportion of patients that will require that test. For instance, 30% of ESI 3 patients will typically require a CT-Scan. Table 2 shows how the times (in minutes) for each process (or test, if required) were modeled based on information obtained from interviews with key ED staff. As mentioned earlier, note that patients rated with ESI levels 1-4 are seen twice by the physician/physician assistant and the nurse(s).
Simulation model construction and validation
The computer simulation model was built using Simio version 4 with running times of under a minute. The simulation model includes the main aspects of the current operation of the ED, such as the representation of patients' arrivals and flows based on their ESI level, as well as resource requirements and schedules in order to propose potential improvements as measured by the response variables (i.e., LOS, TBSPPA, and resource utilization).
The following are the assumptions made when building the simulation model.
Patients do not leave without treatment completed by the ED as concluded during the observation of the ED. All equipment for processing tests in the ED remains fully operational with no unscheduled downtime throughout the day and night. The performance rate of medical personnel (nurses, physician assistants, and physicians) when performing their tasks does not change during their shift and they are available during their whole shift without breaks. The analyzed ED presents high variation in the arrival rates during the shifts so that the ED manager scheduled the breaks during a low number of patient arrivals so that personnel are assumed to be always available when required during their shift. Time for personnel to move from the staff station to a patient is small and it is not included in the model. Ambulance patients gain some treatment while in the ambulance and therefore are sent directly to the exam room rather than going to triage. All patients remain at the same severity level assigned at the triage throughout their entire stay in the ED. Patients have test results ready when they leave test rooms.
Two weeks of the operation of the ED were simulated. The first week of simulation served as the warm up period, while the data gathered during the second simulated week were used to conduct the analyses. A 95% confidence level was used to calculate the number of replications, which was set to 30 when an error of 10 minutes (0.17 hours) was used.
As stated by Sargent, 15 an iterative process must be used in order to develop a valid simulation model. In this study, first a conceptual model was developed. The main components of the conceptual model were the patient flow in the analyzed ED depicted in Figure 1 and the resource requirements presented in Table 1 . By observation of the ED and discussions with the ED manager, the simulation development team concluded that the simulation model was a reasonable representation of the real system for the intended purposes of analyzing both the measures of performance related to the patients (LOS and TBSPPA) and the ones related to the resources (nurses, physician assistants, and physicians utilization). Next, the development of the computerized model followed by its verification was carried out. 15 In order to perform the verification, the simulation development team used animation to make sure the patients were following the right path through the ED according to their ESI level. Also, an event validity analysis was performed in order to confirm the type of resources and the duration and frequency of their interaction with their patients as a function of the patients' ESI level.
Finally, once the conceptual model was validated and the verification step was completed on the implementation of the simulation model, the next step was to perform operational validation. This step was completed by comparing the LOS reported by the simulation model against the LOS calculated from the ED records. According to Sargent, 15 the analyzed ED can be considered as an observable system so that an objective approach can be used in order to perform operational validation. As shown in Figure 1 , each patient's LOS is affected by their required resources and process flow. Thus, the average LOS for all patients was the target variable used for this step. Table 3 shows the average LOS reported by the simulation model for each ESI level, as well as the average and maximum LOS obtained from the ED records.
The average LOS is calculated as a weighted average using the percentage of patients at each ESI level as weights. The average LOS given by the simulation model was 2.35 hours versus the real value of 2.23 hours. It can be noted that based on the average LOS, there is no significant difference between the simulated system and the real one. As shown in Table 3 , the average LOS for patients with ESI 2-5 from the model is very close to the values obtained from ED records. After performing hypothesis tests for their corresponding average LOS at a 95% confidence level, no statistically significant differences were found.
After following the iterative process recommended by Sargent, 15 both the simulation development team and the ED manager concluded that the simulation model is ready to be used as a tool to support the development and analysis of operational policies in the analyzed ED.
Results

Simulation scenarios
The first step in the analysis of results is to evaluate the current staffing level and its corresponding measures of performance, such as the LOS, the TBSPPA, and the utilization of the resources. This analysis (referred to as the base case scenario), will then be used as the standard to compare against the other proposed scenarios. Table 4 shows the current level of the three resources analyzed in this research. The patient flow is as described in Figure 1 . Five additional simulation scenarios were developed (with the help of the ED manager) to analyze the effect of changes to several operational parameters of the base case scenario. In scenario 1, four different levels of increased walk-in patient arrivals were utilized. In scenario 2, patients with ESI level 4 and ESI level 5 were no longer fast-tracked in the ED. Two levels of patients waiting (i.e., three and six) required the addition of a second triage room in scenario 3. In scenario 4, the number of the different ED resources (i.e., nurses, physician assistants, and physicians) was changed in different shifts. Finally, in scenario 5, nurses and physician assistants, due to their low utilization, were replaced by physicians in order to evaluate the impact of this change in staffing levels on the analyzed measures of performance. These scenarios are shown in Table 5 .
Simulation results
The simulation results from the base case scenario showed that the average LOS was 2.35 hours and the average TBSPPA was 1.10 hours. The utilization of nurses in the most crowed shift (3 p.m.-3am) was 70%, and the average utilization of PAs was 30%. On the other hand, the average utilization of physicians was 80% with a minimum of 76%.
In scenario 1, the hourly-daily rate of walk-in patient arrival was increased at defined percentages of 25%, 50%, 75%, and 100%, while all the resources (i.e., nurses, PAs, and physicians) were kept at the same levels as in the base case. As anticipated, the weighted average patient LOS, the weighted average TBSPPA, and the resource utilization increased. For instance, when the hourly-daily rate of patient arrivals was increased 50%, patients with ESI level 2 were forced to wait more than 30 hours to be seen by a physician, even though they are urgent patients and require faster treatment. Physicians in all shifts were utilized almost at 100%. In scenario 2, the patient fast track system was eliminated and the resources that were used exclusively by ESI 4 and ESI 5 patients in the base case were released to be used by patients with any severity level. The simulation results showed no statistical difference between this scenario and the base case. Scenario 3 simulated how an increase in the number of patients waiting activates a second triage room using the nurses already scheduled. As shown in Table 5 , two cases were analyzed involving three or six additional patients waiting, respectively. Once the waiting patients were cleared from the system, the most recently opened triage room was closed. The results showed that there was no significant difference between the base case and both cases when a second triage is opened, as measured by the weighted average patient LOS, weighted average TBSPPA, and the resource utilization. However, activating a second triage room did decrease the number of patients in the queue at the entrance of the ED, which might make a good impression on incoming patients.
In scenario 4, the objective of the simulation model was to explore alternatives to the current ED resource schedule shown in Table 4 . As Table 5 shows, nine alternative staffing levels were generated by adding, removing, or combining shifts. The main goal of this scenario was to investigate various schedules for nurses, physician assistants, and physicians, and their impact on the weighted average patient LOS, the weighted average TBSPPA, and the resource utilization.
The results of scenario 4 are depicted in Figure 4 . Two of the alternatives resulted in a reduction to the weighted average patient LOS. Firstly, when a physician was added to the 11 a.m.-11 p.m. shift, the weighted average patient LOS was reduced by 20 minutes when compared with the base case. Also, when a physician was added to the 7 a.m.-7 p.m. shift, the weighted average patient LOS was reduced by 16 minutes. The results also showed that the weighted average TBSPPA was reduced for almost all the ESI levels when one physician was added either to the 11 a.m.-11 p.m. shift or the 7 a.m.-7 p.m. shift (i.e., alternatives 8 and 9). The changes in the other shifts analyzed in alternatives 1-7 did not reveal a statistically significant difference in any of the measures of performance when compared to the base case.
The utilization of the resources was also analyzed in scenario 4. The utilization of the nurses ranged between 10% and 70%, which was not statistically different when compared to the base case. Similarly, the utilization of the PAs ranged from 15% to 40%, which was also not statistically different with respect to the base case. On the other hand, physicians were consistently utilized more than 80% in all shifts in the first seven alternatives.
However, in the last two alternatives (i.e., one physician added either to the 11 a.m.-11 p.m. shift or the 7 a.m.-7 p.m. shift), a decrease in the physicians' utilization in all shifts was reached. The utilization of the physicians reached an average of 75%, which was statistically different from the base case. Regarding costs, the median annual salary for an emergency physician is US$238,000 according to the United States' Bureau of Labor Statistics for the 2012 year. These costs must be weighed against the saving of 20 minutes on average per patient LOS considering about 650 patients per week or 33,800 per year. Changing the level of resources Two alternatives were explored in scenario 5. Both alternatives involved reductions in staff motivated by low utilizations rates revealed in the base case. In the first alternative, one physician was added to the 11 a.m.-11 p.m. shift when the daily peak of walk-in patients was reached. Also, since the nurse utilization in the 7 a.m.-7 p.m. and 7 p.m.-7 a.m. shifts was less than 50% in the base case, the nurse staff in each of these shifts was reduced from six to five. In the second alternative, one physician was added to the 11 a.m.-11 p.m. shift, one physician assistant was removed from the 11 a.m.-11 p.m. shift, and similarly to the previous alternative, the nurse staff in each of the 7 a.m.-7 p.m. and 7 p.m.-7 a.m. shifts was reduced from six to five.
The results of scenario 5 are depicted in Figure 5 . The weighted average patient LOS was reduced from 2.35 to 1.99 hours in the first alternative and from 2.35 to 2.03 hours in the second alternative. Both differences were statistically significant.
In scenario 5, the utilization of all the physicians was reduced by more than 10% in both alternatives. The second alternative resulted in a utilization of less than 50% for the physicians in the 9 a.m.-5 p.m. shift and the 11 a.m.-11 p.m. shift. The effect of removing nurses in both alternatives was an increase in the utilization rate of nurses on those shifts, as well as on those shifts with overlapping time. However, this increase in utilization was not statistically significant when compared to the base case. Similar to alternative 4, in this alternative cost must be weighed against the saving of about 20 minutes on average per patient considering about 650 patients per week or 33,800 per year. However, in alternative 5 some additional savings in cost occurred as nurses (US$96,000 annual salary) and physician assistants (US$91,000 annual salary) are replaced by physicians (US$238,000 annual salary). When two nurses are removed, the savings almost compensate the salary of the additional physician, while removing two nurses and one physician assistant more than pays for the additional physician. Table 6 summarizes the results obtained from all the scenarios analyzed. The weighted average patient LOS values obtained from scenario 2, scenario 3, and most of the alternatives in scenario 4 are very similar. A substantial increase in the value of the weighted average patient LOS was observed when comparing the base case to the values obtained from the different alternatives tested in scenario 1. If the level of resources of the base case is kept unchanged when patient arrivals increase even 25%, the weighted average patient LOS increases substantially.
The statistical analysis showed that there was no significant difference between the base case and scenario 2. The fast track system can be eliminated without affecting the weighted average patient LOS, the weighted average TBSPPA, and the usage of the resources. Also, adding a 
Conclusions
The objective of this study was to analyze several operational policies in the ED of a local hospital. The analysis was intended to provide the management of the ED with a tool to evaluate operational policies aimed at the reduction of the patients' average LOS and average TBSPPA while making resource utilization more efficient. A DES model is the main component of the developed tool. The quantitative input and output gathered while developing and using the DES model can be used by the management of the ED to inform and complement their decision making process, usually based on their own experiences and intuitions.
Unlike most of the research presented, except for the research done by Sinreiach et al., 8 the simulation model developed in this research accounts for patients being treated by multiple resources at once and several times, based on patients' severity levels, with interspersed waiting time during their time in the ED. This consideration allows the model to include both clinical and operational patient flow, 16 extending current applied research for analyzing optimal resource allocation in crowded EDs and its impact on the LOS and TBSPPA. A clinical patient flow refers to the progression of a patient's health status represented in the model by the resources required both at personnel level (nurses, physician assistants, and physicians) and equipment level (blood, X-ray, and CT scan), as shown in Table 1 . An operational patient flow refers to the movement of a patient through various locations or stations in the ED, 16 as included in the model in the admission, triage, treatment, and discharge steps shown in Figure 1 . Including these types of flows in the model adds to the accuracy of accounting for patients' LOS and TBSPPA, as well as resource utilization.
Nationwide, long waiting times and deficient resource utilization are salient problems in the healthcare system, including EDs. 17, 18 The results obtained from this study showed that it is possible to develop different operational policies for resource allocation in order to improve the efficiency of the ED using a novel simulation-based approach.
Three different metrics were used to measure and compare the effects of the proposed operational policies on the current ED system. The target variables selected were the average LOS, the average TBSPPA, and resource utilizations within the ED.
Alternative scenarios representing the proposed operational policies were developed and tested by using the simulation model. These operational policies represented different allocations of resources. In order to compare the proposed scenarios, a base case scenario was defined. The base case scenario represents the current operational policy of the ED.
The scenario analysis showed that the average LOS and the average TBSPPA were significantly reduced (14% and 16%, respectively) when an additional physician was included in the staff. Another important insight from the scenario analysis was the fact that the measures of performance were not substantially affected when the number of nurses was reduced for the different shifts in the ED. However, the overall nurses' utilization was increased but not above 75%.
Most of the researchers support that Fast Track systems have helped to prevent long waiting times for those with minor illnesses (ESI 4 and 5 patients). Yoon et al. 19 concluded that fast track systems in EDs appear to be efficient, cost-effective, safe, and satisfactory for most hospitals. Usually, low acuity patients are confirmed as being seen quicker when a Fast Track system is in place. Scenario 2 analyzed this fact but it did not find statistically significant differences in any of the measures of performance used.
One of the most important issues EDs are facing is the efficient allocation and utilization of resources. Rossetti et al. 20 emphasized that the staffing and utilization of nurses, physician assistants, and physicians are of significant concern not only because of cost, but also due to the impact on patient throughput and overall system performance.
Specifically, scenarios 4 and 5 showed that by modifying the ED's personnel staffing, the average LOS and the average TBSPPA can be decreased and the resource utilization can be brought to desired levels (70-80% for nurses, physician assistants, and physicians). By implementing the recommendations proposed in scenario 5, the average LOS could be decreased by 14% (about 20 minutes) and the average TBSPPA could be decreased by 16% (about 11 minutes). It is important to note that detailed personnel cost and hospital policies were not included in this analysis. However, more detailed cost and regulatory aspects of the operation of the ED can be added as target variables. Usually, cost and regulation variables play an important role in the decision making process of EDs. The developed simulation model was used by the ED's manager as a supporting tool in order to perform a cost analysis aimed at evaluating different staffing patterns. The cost analysis performed, in addition to a recent increase of about 20% in the arrivals rate, were inputs used to support the implementation of several operational policies, including increasing the number of physicians and decreasing the number of nurses and physicians assistants. Also, the ED manager is evaluating the elimination of the fast track system and the implementation of a continuous care area where ESI 4 and ESI 5 patients are treated by a subset of nurses and all the physician assistants without using exam rooms. University for his invaluable help in the early versions of this paper. Finally, special thanks to the local hospital and the manager of its ED for their help in this research. The authors are listed alphabetically, and they contributed equally to this work.
